INTRODUCTION
Indications for mechanical circulatory support in children and young adults include heart failure related to congenital heart disease, cardiomyopathy, myocarditis, and cardiac allograft failure. Options for temporary pediatric circulatory support are extremely limited. At present, the only devices approved by the US Food and Drug Administration (FDA) for temporary support are extracorporeal membrane oxygenation (ECMO) and intra-aortic balloon pump (IABP), both of which 1 Division of Cardiology, University of Texas Southwestern Medical Center, Dallas, TX commonly require surgical placement for pediatric use. The invasive nature of ECMO and the limited hemodynamic support provided by IABP have led to rapid growth of percutaneous mechanical circulatory support devices in the adult population [1] [2] [3] . While these devices were initially developed to support high-risk patients suffering from acute left ventricular (LV) dysfunction related to acute myocardial infarction (AMI), utilization has increased to longer-term management of cardiogenic shock (CGS). The Impella 2.5, Impella CP, Impella 5.0 and Impella LD (Abiomed, Danvers, MA) assist devices are now approved for short-term support (4-6 days depending on the device) for treatment of refractory or ongoing CGS after AMI or following open-heart surgery [4] [5] [6] .
As experience with these devices has demonstrated safety and efficacy in adults, off-label use in the pediatric population has grown, in part because the Impella provides both hemodynamic support and cardiac unloading, which may be a more appealing approach to short-term circulatory support than ECMO, which can fail to reduce LV wall stress or myocardial oxygen demand or IABP, which is not an active flow or LV unloading device and may be limited in its hemodynamic effect by enddiastolic flow reversal demonstrated in animal models [3, [7] [8] [9] [10] [11] [12] [13] [14] [15] . Thus far, the pediatric experience has been limited to isolated case reports and small case series [9] [10] [11] . More data are needed regarding safety, efficacy, and indications for use of the Impella devices in pediatric and adolescent patients. Therefore, we performed a multicenter retrospective study to describe a larger pediatric experience with the Impella family of catheters, with particular focus on outcomes and device-related complications.
METHODS Patients
This was a multicenter, retrospective study of Impella support in pediatric and adolescent patients with either acquired or congenital heart disease. Interventional cardiologists at centers who had implanted Impella devices in patients 21 years of age were contacted and invited to submit data for this study, based on a list of implanting centers provided by the device manufacturer (Abiomed, Inc) . Individual centers were not required to submit data for the study. The age threshold for defining the pediatric patient population (21 years of age) was based on the 2014 Food and Drug Administration guidance [16] . Baseline demographic data were collected for each patient, as were procedural variables, patient survival and duration of mechanical support. Major adverse events were recorded as defined by INTERMACS/ PediMACS [17] . Patients were also classified according to the pre-implant INTERMACS level of illness profile [18] . The INTERMACS profile of advanced heart failure is a 7-point scale that provides a general clinical description of patients undergoing mechanical circulatory support. INTERMACS 1 is the most severe category, and describes a patient with critical cardiogenic shock, escalating inotropic support requirements and organ hypoperfusion while INTERMACS 7 describes a patient with New York Heart Association (NYHA) class 3 symptoms.
Impella Support
This study included cases in which an Impella device was used to support the systemic circulation due to acute ventricular failure/dysfunction or during high-risk catheter-based procedures. All versions of the Impella designed for the left heart were included (2.5, 5.0, CP and LD). Utilization of the Impella device, including device selection, access vessel, method of implant, and device management were at the discretion of the managing physicians. There were no procedural or patient care protocols in place to guide management decisions for this retrospective study. The use of additional circulatory support devices (ECMO, IABP, other left ventricular assist device [LVAD]) before, during, or after Impella support was recorded along with the indications for additional support.
Data Collection and Analysis
Participating centers completed and returned case report forms developed specifically for this study. The primary outcomes were 7-day and 30-day survival, patient and device disposition, and adverse events. Adverse events of particular interest included stroke, hemolysis, access vessel complications, device malfunction, bleeding, infection, and increase in aortic regurgitation. Adverse events were classified as major or minor according to INTERMACS/PediMACS definitions [17] . Data were tabulated and presented largely in descriptive form. Limited exploratory analysis was conducted in an effort to identify differences in survival, adverse events according to patient, procedure, and device related variables. Nominal or categorical variables were expressed as number and percent of total. Continuous variables were expressed as median (minimium-maximum).
RESULTS

Patients
Over 160 pediatric and adolescent patients have been supported with Impella to date. Data were available for 39 implants in 38 patients from 2009 to 2015. One patient underwent two separate device implants around a brief period of ECMO support, but all others were in unique patients. Baseline patient demographics are presented in Table I . The median age at implant was 16 years (4-21 years), with six patients 10 years of age. The median weight was 62 kg (15-134 kg) and six patients were 30 kg. The mean body surface area was 1.62 6 0.36. Patients with congenital heart disease (28%), acute rejection following heart transplant (26%), and deteriorating function with dilated cardiomyopathy (DCM; 23%) were the most commonly supported in this cohort. The indications for implant were ventricular dysfunction with acute CGS in 28 patients, planned support during high-risk arrhythmia-ablation procedures in four patients, support of chronic heart failure refractory to other management in 6 patients, and arrhythmia in one patient. The INTERMACS profile was one in 28 patients and two in 7 patients, while four patients had an Impella for high-risk procedural support.
Procedural and Outcome Data
Most patients were supported with Impella 2.5 and CP devices, typically via femoral arterial access, regardless of age or size (Table II) . As previously described, a surgically placed chimney graft was employed in 31% of cases, 7 through a femoral artery and 5 through an axillary artery (Fig. 1) [19] . Device repositioning after the initiation of support and any immediate adjustments was required in 38% (15 of 38) of cases with no significant difference in the need for repositioning by access type. The median duration of support was 45 hr. Six patients were supported for longer than 10 days (240 hr), and 1 was supported for 51 days. In the majority of patients the device was explanted due to ventricular recovery (41%) or transition to a different mode of mechanical support (31%) (Fig. 2) .
Additional mechanical support in the form of ECMO or VAD was used in 49% of patients before, during, or after the Impella. In 6 of those cases, the Impella was used to decompress the left heart on ECMO (n 5 3) or ECMO was added to augment the support provided by the Impella (n 5 3). In 12 patients, the Impella served as a bridge to ECMO or durable LVAD. The most common indication for transitioning from Impella to ECMO was the need for additional support, typically of the right ventricle. Heart transplant rejection patients maintained on another form of mechanical support were more likely to undergo Impella placement to augment that existing support modality than patients with other diagnoses (30% of transplant patients vs 3.6% of others, P 5 0.048), whereas patients with DCM were more likely to transition to another form of mechanical support from Impella relative to patients with other diagnoses (78% of DCM patients vs 30% of others, P 5 0.01).
Twelve of the 38 patients (32%) died within 30 days of implant, 6 within 7 days (15%). Six of the 12 deaths occurred after the Impella was explanted (median 12 days; 2-22 days), including five who had been transitioned to another device (ECMO in 3, VAD in 2), and one who died after bridging to heart transplant.
Major adverse advents were noted in eight patients, as summarized in Table III . Some patients experienced more than one adverse event. Vascular access-related Data are presented as mean 6 SD, median (minimum-maximum) or number (%). Data are presented as median (minimum-maximum) or number (%).
events were reported in two patients, one of whom experienced critical limb ischemia necessitating device removal. This patient was initially supported with an Impella for myocarditis but deteriorated with intractable arrhythmias and was transitioned to ECMO. The Impella was utilized as a left-sided vent, resulting in bifemoral arterial access. Ischemia of the left lower extremity was noted on post-implant day 1, with no evidence of flow by Doppler, so the device was removed. Lower extremity perfusion remained compromised even after device removal and the patient ultimately developed severe rhabdomyolysis necessitating below-the-knee amputation. There was no further cardiac activity for seven more days and ultimately the patient died of multisystem organ failure. Severe bleeding occurred in two patients. There were no reports of gastrointestinal bleeding. Significant hemolysis based on laboratory criteria occurred in three patients, leading to device removal and transition to ECMO in 2. One stroke was documented but it was unclear if this was directly related to the device itself. An increase in the severity of aortic regurgitation was reported in three patients, two who had baseline mild regurgitation and one who returned to baseline after device removal. None had documented evidence of valve injury following explant. Minor adverse events that did not meet INTERMACS definitions of major adverse events were also recorded and included minor hemolysis in nine patients and access site bleeding in six. Minor device related problems that did not result in device explant or patient complication occurred in two patients. There was no apparent association between age, size, underlying diagnosis, or indication for support and any of the outcomes reported. 
DISCUSSION
Options for temporary circulatory support remain limited for pediatric and adolescent patients. Extrapolation from the adult experience has led to limited offlabel use in children and young adults, although there are few data on safety and efficacy in this patient population. This study reports the largest experience to date of mechanical support of pediatric and adolescent patients with the Impella family of devices. Immediateterm findings demonstrated an acceptable safety profile of the Impella family of catheters for temporary circulatory support in pediatric patients suffering from acute CGS. While 30-day mortality was high, it was similar to the largest adult study of Impella for CGS with similar or slightly lower complication rates [6, 20] .
Severe adverse events occurred in eight patients. In smaller pediatric and adolescent patients concerns arise regarding vascular access related adverse events, bleeding and hemolysis. Limb ischemia requiring device explant was encountered in only one patient and severe bleeding in two patients. Severe hemolysis based on INTERMACS criteria occurred in 8% of cases, comparable to adult studies of Impella support for cardiogenic shock, where hemolysis rates have ranged from 7.5% to 62.5% [21, 22] . Overall adverse event rates in our population are similar to studies of Impella support in adult patients. In addition, device repositioning was required in almost 40% of patients, regardless of access method and location, indicating that achieving a stable implant remains an important issue in this population. Ongoing improvements in device design and novel techniques for vascular access as well as greater familiarity with percutaneous MCS strategies should drive improvements in adverse events and make these devices accessible to smaller patients.
The benefits of LV volume unloading with the Impella device include reduction in LV wall stress, improvement in coronary blood flow, and reduction in myocardial oxygen consumption [2, 7, 23] . While no consistent hemodynamic data were obtained during the period of mechanical support in this multicenter cohort, nearly 40% of patients were able to be explanted for ventricular recovery, which suggests that the early utilization of temporary support such as Impella prior to the worsening of CGS and end-organ dysfunction may allow adequate time for recovery prior to consideration of a more permanent form of ventricular support. Patients with DCM were more likely to transition from Impella to another form of mechanical support, which may reflect a need for more durable support in this particular subset of patients. Additionally, the assessment of right heart function is important as adequate support of the systemic circulation with Impella is difficult in the setting of impaired RV function and may play a significant role in the need to transition to other support modalities. Impella devices were also used successfully to support high-risk arrhythmia ablation procedures, and to facilitate left-heart decompression in conjunction with ECMO, providing an alternative that may offer advantages over other percutaneous options [24] .
In conclusion, in this multicenter retrospective study of Impella devices used for temporary systemic circulatory support in children as young as 4 years and as small as 15 kg, and for up to 51 days, preliminary findings regarding technical feasibility, clinical efficacy, and safety were encouraging. We recognize that these findings are limited not only by the retrospective study design but also by variable institutional participation. While these data cannot be generalized, they represent a solid advance in the collective experience with the Impella devices in pediatric patients. Ultimately, additional data will be necessary to understand the nuances and comparative benefits and risks of Impella in children and young adults, preferably through a prospective clinical trial. However, the evaluation of new circulatory support technologies in the pediatric population is a major challenge due to size and vulnerability of this population as well as the heterogeneity of disease. Thus, despite the limitations of these preliminary data, we are hopeful that they can serve as a foundation for further studies and evaluation of ongoing utilization in this high-risk population.
